The Kondo resonance of an organic molecule containing a Co atom is investigated by scanning tunneling spectroscopy and ab initio calculations on a Ag(100) surface. High resolution mapping of the line shape shows evidence of local nonradially symmetric variations of the Fano factor and the Kondo amplitude, revealing a strong influence of the molecular ligand. We show that the decay of the amplitude of the Kondo resonance is determined by the spatial distribution of the ligand's orbital being hybridized with the singly occupied Co d z 2 orbital, forming together the singly occupied Kondo-active orbital.
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I. INTRODUCTION
Understanding the influence of the ligands on the magnetic properties of single metal atoms incorporated in organic molecules is of crucial importance for the development of molecular electronics and spintronics. In the past years, an increasing number of molecular systems showing a Kondo resonance have been investigated [1] [2] [3] [4] [5] [6] [7] [8] . The Kondo resonance is known to be caused by spin-flip scattering of electrons on magnetic impurities in a nonmagnetic host. It can even be observed in molecular systems which do not possess magnetic atoms but have a single spin in one of the molecular orbitals [3, 5] . In other molecular systems, the atomic levels of the magnetic atom are strongly hybridized with the organic ligand, leading to a stronger spatial spreading of molecular orbitals originating from the d or f states of the magnetic atoms compared to atomic Kondo impurities [1] . The combination of organic ligands with magnetic atoms creates a great opportunity to investigate and engineer the interaction and assembly of magnetic atoms to form Kondo lattices [9] , which may lead to new heavy fermion materials or Kondo insulators. For more than 15 years, scanning tunneling spectroscopy (STS) has been an established experimental technique to investigate the Kondo resonance with high spatial resolution [10, 11] . While there are several examples of single atoms showing a radially symmetric distribution of the Kondo resonance [12] [13] [14] , investigations on the propagation of the Kondo resonance within an organic ligand are rare. To our knowledge, a high resolution mapping of the Fano factor q has not been reported so far. This is, however, one of the key parameters defining the line shape of the Kondo resonance and hence the low-bias conductivity of the molecule. In this article, we present the results of spatially resolved STS experiments on single organic molecules with a central Co atom on Ag(100). We show the large spatial extent of the Kondo resonance (compared to atomic Co) and its dependence on the electronic structure of the organic ligand. The influence of the organic ligand is studied by density functional theory (DFT) calculations of the Co d state hybridized with the states of the organic ligand and the metal surface. We report a change in the symmetry of the Kondo resonance between different points on the same molecule (without altering its structure like in [4] ). This change in symmetry is evidenced by the changing sign of the asymmetry factor q in the Fano function. From a grid of spectra over the molecule, we obtain spatial maps of the fitting parameters for the Kondo resonance with submolecular accuracy.
II. RESULTS AND DISCUSSION
The measurements shown here were performed by scanning tunneling microscopy (STM) at low temperatures (T = 5 K) and a base pressure below 10 −10 mbar. The Ag(100) surface was cleaned by several cycles of sputtering and annealing. Co-di-bis-(phenyl)-azadiisoindomethene [Co-(BiPADI) 2 ] was evaporated at submonolayer coverage from a Knudsen cell at 160
• C onto the metal sample kept at room temperature. On the surface, two types of molecular adsorbates were observed by STM (Fig. 1) , indicating that the compound decomposes in two fragments during sublimation. The structure of those two different adsorbates was verified by DFT calculations. From Fig. 1 it is clear that we observe at least two symmetrically equivalent orientations of Co-BiPADI on Ag(100). One orientation is parallel to the (011) direction and its symmetry equivalents; the other orientation is inclined to this direction by about 15
• . Both orientations have been confirmed by calculations but no significant spectroscopic difference was detected. The STM images of the two adsorbates are compared to DFT calculations in Fig. 2 . The simulated STM images were generated using spin-polarized DFT calculations with the local spin density approximation (LSDA) to the exchange correlation potential. The calculations were performed using SIESTA [15] with a 4 × 4 × 1 Monkhorst-Pack k-point grid.
The basis set was constructed using a 0.002 Ry energy shift to set the cutoff radii, with double ζ 3d, 4s, and 4d orbitals for the Co atom, double ζ 2s and 2p orbitals for the C and N atoms, double ζ 1s orbitals for the H atoms, and double ζ 4d and single ζ 5s and 5p atoms for the Ag atoms. The geometry optimization calculations were performed using a slab 3 Ag layers thick, where the topmost atomic Ag layer and all of the atoms of the Co-BiPADI molecule were allowed to relax in order to reduce the forces below a threshold of 0.05 eV/Å. The excellent agreement between the experimental and simulated images let us assign the two fragments to Co-bis-(phenyl)-azadiisoindomethene (Co-BiPADI) [Figs. 2(a), 2(c), and 2(e)] and bis-(phenyl)- The decomposition of Co-(BiPADI) 2 into Co-BiPADI and BiPADI give us the unique opportunity to investigate the same organic molecule with and without a central Kondo impurity, simultaneously and under the same experimental conditions.
In Fig. 3 (a), a STS spectrum of the Co atom incorporated into the organic ligand is shown and compared to the spectrum of the isolated organic ligand. On Co-BiPADI, a pronounced peak at the Fermi energy is observed, while for the bare organic ligand no peak is measured at this energy. The peak is ascribed to the Kondo resonance and will be explained in detail below. Furthermore, a broad less intense peak is observed at V bias ≈ −80 mV, which is present on both molecules with and without the Co atom and is ascribed to a molecular resonance.
The observed Kondo peak was fitted with a Fano function:
where E 0 is the energy shift, k B T K the half width at half maximum at T = 0 K, and q the asymmetry or Fano factor. The equation is valid for a single-level model, at low temperatures and small voltages [10, 16] . Background subtraction was performed according to the formalism by Wahl et al. [17] and the linear term b takes into account the ligand states influence in the spectroscopic region of interest (V bias = ±50 mV). The line shape at the center of the molecule was fitted with the following parameters; the values for atomic Co on Ag(100), taken from Ref. [18] , are given in brackets for comparison: k B T K = 8.44 meV leading to a Kondo temperature of T K = 98.0 K ( [18] :
The energy shift yields E 0 = 0.71 meV ( [18] : E 0 = 2.0 meV) and the asymmetry factor on top of the Co atom is q = −15.9 ([18]: q ≈ 0). Furthermore, we also performed STS measurements at increased substrate temperature to verify the Kondo nature of the resonance. The temperature dependence of the half width at half maximum (HWHM) of the Kondo resonance is shown in Fig. 4 . Due to the flat DOS of tip and substrate near the Fermi level, the influence of background subtraction on the temperature dependence is negligible. Such measurements have been limited to T = 35 K by the increasing diffusion of the molecules on the surface. The width of the resonance follows the expected temperature dependence [19] , thus confirming that the observed peak is indeed a Kondo resonance [19, 20] .
STS spectra taken at various positions on the molecule show different Fano line shapes, corresponding to a strongly deviating asymmetry parameter q. In Fig. 3(b) two examples with different line shapes are shown. To emphasize the asymmetry, the linear and constant terms in Eq. (1) were subtracted and the resulting functions normalized. As one can see in Fig. 3(b) , the asymmetry factor q of the resonance changes in sign over a distance of less than 3Å. Between these two points, the resonance assumes the form of a symmetric Lorentzian (not shown). Due to the line shape of the Fano function, this symmetric peak in the dI/dV is fitted by very high q values, leading to a pole in the spatial dependence of the asymmetry factor. A smooth change of the sign of q is only possible for diplike spectra, because for q = 0 the Fano function has the shape of an inverted Lorentzian [21] .
To obtain a spatial map of the Kondo resonance, we measured a grid of 128 × 128 spectra on the area shown in the inset of Fig. 3 (25Å × 25Å) (mesh size of 0.2Å). We excluded spectra where the amplitude of the Kondo resonance was less than 4 % of the amplitude at the Co site from the fitting procedure.
In Fig. 5 , maps of the asymmetry parameter q (b) and the Kondo amplitude A (c) are compared to the corresponding topography image (a). The structure of the molecule is superimposed on the topography image in Fig. 5(a) . The Kondo amplitude A was determined from q and a as proposed by Knorr et al. [22] : A = a × (1 + q 2 ). In Fig. 5(c) the Kondo amplitude, while being mainly localized at the Co atom [23] , is shown to significantly extend further across the substrate than the molecule itself. 2 . From theory, α should be 2π , which is in good agreement with α = 6.55 and 6.54 found here for original and background subtracted data, respectively.
The influence of the organic ligand can be clearly observed in the nonradial symmetry of the Kondo amplitude around the Co atom and the changes in the asymmetry factor q. Moreover, the Kondo resonance is far more prominent on the bis(phenyl) group [lower aromatic rings in Fig. 5(a) ] of the Co-BiPADI than on the diisoindole group [upper aromatic rings in Fig. 5(a) ].
As one can see in Fig. 5(b) , the sign of the asymmetry factor q changes across the molecule (positive values in red and negative values in blue). Interestingly, the contour lines of the two domains with opposite sign correspond to structural features of the organic ligand, although the sign of q changes at the very edge or even next to the Co-BiPADI. The same spatial distribution of the q factor has been observed for all measured molecules. We note that when the molecule is in close proximity to other Kondo-active molecules, slight changes are observed indicating an interaction between neighboring molecules and spins.
According to theory [10, 16] , the proportionality factor a and the asymmetry factor q in Eq. (1) depend on the position r of the tip. The proportionality factor a(r) is expressed as written below, with the index s numbering, in our case, all hybridized substrate and molecular states, except for the one Kondo state,
and the asymmetry factor q is expressed as
The position dependence in the dI/dV signal is thus traced down to the spatial dependence of the Kondo-orbital/tip matrix element V Kt (r) and the substrate/tip matrix element V st (r). The first addend in the numerator in Eq. (3) describes the tunneling directly from the tip into the Kondo state and the second addend represents the tunneling into the substrate with subsequent transfer to the Kondo state. In general, the second addend is considerably smaller than the first one. The denominator is determined by the direct tunneling into the substrate. This interpretation for the asymmetry factor is consistent with the low q values of atomic adsorbates directly on metal substrates [11, 24, 25] . The electrons tunnel predominantly into the continuum of the host metal's conduction band, because of the low extension of the d or f states of the impurities into the tunneling gap [16] . Higher q values are found for increased tunneling directly into the magnetic atom [26] . One way to increase the accessibility of the d or f states of the magnetic impurities compared to the states of the supporting metal host is to incorporate the metal atom into an organic ligand [16] . In this way, the magnetic atom is lifted from the surface and the larger coupling between tip and Kondo state V Kt relative to V st can explain the large value of q, but not the pole in its spatial dependence or the change of its sign.
To investigate in detail the electronic properties of our molecule-substrate system, we performed further ab initio studies using the Kohn-Sham Hamiltonians obtained from DFT as implemented in the Quikstep module of the CP2K package [27] . Within the energy functional, we use the Goedecker, Teter, and Hutter (GTH) approximation of the pseudopotentials [28, 29] . To approximate the exchangecorrelation energy, the metageneralized gradient approximation (GGA) of Perdue, Burke, and Ernzerhof (PBE) [30] was used. In order to express the system Hamiltonian in the local atomic orbital representation, we used a double-ζ valence basis set plus the polarization functions. In Figs. 6(a) and 6(b) the results of spin-dependent DFT images for charge transfer density ( ρ = ρ AgCoBP − ρ Ag − ρ CoBP ) and spin density are shown. Together with the Bader analysis, which shows some average electron transfer to the molecule, we conclude that the Kondo state is formed by the Co d orbital hybridized with the ligand orbitals, forming a d z 2 orbital as shown in Fig. 6(c) .
As expected, such d z 2 hybridized Co d state is occupied by one electron according to DFT simulations. Additionally, two other molecular orbitals are close to the Fermi energy of Ag and are also partially occupied due to the finite coupling of these orbitals to the metal states, and there is some polarization over the whole molecule. However, the unpaired spins on the ligand do not show any Kondo resonance because the coupling to the substrate is stronger and the Coulomb interaction is weaker in the case of more extended molecular orbitals.
To go deeper inside the Kondo physics, we performed a localized molecular orbital analysis as was recently suggested in [31] . First, we find localized molecular orbitals at CoBiPADI and then extend the analysis beyond [31] , performing the diagonalization of the Co-BiPADI LMO Hamiltonian. As a result, we obtain projected molecular orbitals which represent the result of hybridization between Co-BiPADI and the Ag substrate. Now we can compare the shape of this 
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Based on the comparison of our experimental and theoretical results, we conclude that the changing sign of q can be explained by the change of sign of the substrate/tip matrix element V st (r). The Kondo-orbital/tip matrix element V Kt (r) at the same time stays small and smooth, because it is determined mainly by tunneling to the localized orbital in the central part of the molecule. This conclusion is directly supported by the picture of the Kondo amplitude spatial dependence presented in Fig. 5(c) . Indeed, at large q (which is the case near the boundary) the amplitude is approximately proportional to the Kondo-orbital/tip coupling
and does not show any special behavior across the molecule edge. As a possible reason for the sign change of V st (r), we suggest the interference of substrate electron states at the molecule [32] . The onset of this projected bulk state was measured at considerably higher bias, but due to changes of the electronic surface properties near the molecular adsorbate it could be influencing the electronic states near the Fermi level [33] . We note that the spatial dependence of q follows the position of the phenyl rings of the molecule, like those seen for the interference patterns of surface state free electrons in the presence of molecular adsorbates [34] . The periodic changes of the surface electronic states caused by the Ag bulk states projected onto the (100) surface thus influence the value of q via the substrate/tip matrix element V st (r) [see Eq. (3)]. Accordingly, the sign of q would also change in the direction of the π -electronic side groups of the ligand, but the decay length of the resonance is too short compared to the periodicity of the surface oscillation to measure this effect.
III. CONCLUSIONS
In conclusion, the line shape and the amplitude of the Kondo resonance of Co-BiPADI spatially varies and is clearly related to the structure of the organic ligand. The Kondo resonance is mainly localized at the Co atom, but extends nonradially more than 10Å away from the central atom. Moreover, the asymmetry factor q is strongly influenced by the presence of the molecular ligand. The sign of the q factor changes in close proximity to the molecule, suggesting the influence of the modified substrate's electronic structure near the molecular adsorbate. The pronounced extension of the Kondo amplitude in certain directions underlines the importance of the structure of organic ligands for the coupling of molecular Kondo systems. This phenomenon could even have a potential application as a tool to mediate direction dependent coupling in future Kondo lattices. 
